Longleaf pine (Pinus palustris Mill.) forests in the southeastern United States are considered endangered ecosystems, because of their dramatic decrease in area since European colonization and poor rates of recovery related to episodic natural regeneration. Sporadic seed production constrains restoration efforts and complicates sustainable management of this species. Previous studies of other tree species found invariant scaling properties in seed output. Here, using long-term monitoring data for cone production at seven sites across the native range of longleaf pine, we tested the possible presence of two types of power laws. Findings indicate that (i) the frequency distribution of cone production at seven sites, from 1958 to 2014, follows power law relationships with high level of significance; (ii) although there is no general trend in the dynamics of scaling exponents among all sites, there are dynamics of scaling exponents at each site, with sudden changes in scaling exponents generally corresponding to the years of higher or lower cone production; and (iii) Taylor"s power laws explain cone production at different locations, but the scaling exponents vary among these. Results from this computational approach provide new insight into the irregular cone production of longleaf pine at spatial and temporal scales. Integrated ecosystem monitoring will be necessary to more fully understand future changes in cone production.
Introduction
Longleaf pine (Pinus palustris Mill.) forests are important ecosystems in the southeastern United States, because of their economic (e.g., timber and related wood products) and ecological value (e.g., high biodiversity, wildlife habitat, watershed protection) (Jose, Jokela, & Miller, 2006; Hodges, 2006) . However, the area occupied by longleaf pine ecosystems decreased from about 37 million hectares to 1.02 million hectares, between the time of European settlement and late 20 th century (Outcalt & Sheffield, 1996) . Thus, longleaf pine forests have become regarded as endangered ecosystems (Noss, Laroe, & Scott, 1995) .
In addition to fire exclusion and land use change, one of the most important factors contributing to the decline of longleaf pine forests has been their sporadic seed production (Frost, 2006) . Although previous studies considered climate factors (e.g., temperature and precipitation) as possible determinants of cone production (Pederson, Kush, & Meldahl, 1998; Pederson, Kush, Meldahl, & Boyer, 2000) , later work found that the relationships between climate and cone production were not strong (Guo, Zarnoch, Chen, & Brockway, 2016; Patterson, 2017) . Since the quantity of seed produced directly affects longleaf pine forest regeneration, timber supply, wildlife habitat and food chains, it is important to further study the spatial and temporal variance of cone production from different perspectives. Analyzing the patterns of irregular seed production may provide information essential for expanding our understanding of fundamental reproduction processes and improving forest management.
If existing trees cannot produce sufficient cone crops for regeneration, then populations of longleaf pine may face local extinction. Thus the structure and function of entire ecosystems dependent on this keystone species could be profoundly changed. If stewardship programs are to be successful in the future, then, adaptive management needs to understand this source of uncertainty and make suitable accommodation for it. The limitations of short-term and single site studies (e.g., incompleteness and bias) were revealed in a long-term and multi-site study by Guo et al. (2016) . Results from one site, based on a short period of observation, were not consistent with results from a larger number of sites, observed through a longer time period. Since seed production is a lengthy multi-year processes, many unfavorable factors may adversely influence results. Scientists and managers still lack a general model for predicting cone production at individual longleaf pine sites across the region or overall cone production relative to the spatial and temporal heterogeneity inherent across its native range. Comparisons of complexity, such as cone production entropy at regional and local levels and through time (Chen, Guo, & Brockway, 2016; Chen, Brockway, & Guo, 2016) , may provide new insights about cone production from a perspective not previously explored. Toward the ends of developing useful models and sustainable management strategies for longleaf pine forests at the regional and local scales, new knowledge about the emergent behavior of cone production (e.g., regime shift) needs to be developed.
Since all biological systems must transform energy and materials to support various life functions and structures, they may obey a host of remarkably simple and systematic empirical scaling laws that regulate how organisms change across many orders of magnitude (West, 1999) . In statistics, a power law describes a functional relationship between two quantities, where a relative change in one quantity results in a proportional relative change in the other quantity: one varies as a power of another. Power law relationships have been used to characterize the scaling laws for all kinds of life forms (Enquist, Brown, & West, 1998; West, 1999) , because of their linkage to the rates of many biological activities at various hierarchical levels of organization and they represent a holistic measure of the "pace of life". Power laws are considered as ubiquitous in nature and are broadly found in the distribution of drainage area for rivers, rain droplet size, populations of cities and earthquakes (Zipf, 1949; Gutenberg & Richter, 1956; Bak, 1996) .
Recent controversy has arisen concerning whether the scaling exponents of power laws are a universal value (e.g., ¼ or 1/3) or other non-fixed values (Chen & Li, 2003; Glazier, 2005; Kolokotrones, Savage, Deeds, & Fontana, 2010) . Despite fluctuations in seed production, trees frequently exhibit a broad continuum of reproductive consistency (Herrera, Jordano, Guitian, & Traveset, 1998 , Koenig & Knops, 1998 . Kerkhoff and Ballantyne (2003) found invariant scaling properties in seed output for 28 tree species with 148 reproductive time series in Europe (Koenig & Knops, 2000) . Thus, we may derive a hypothesis that there exists possible scaling invariance in the cone production for longleaf pine across its native range. The goal of this study is to use long-term monitoring data to (i) test whether cone production of longleaf pine at different sites follows power laws; (ii) test whether cone production of longleaf pine at different locations across its native range follows the same or similar power laws through time; and (iii) discuss the possible implications of power laws for understanding the cone production of longleaf pine.
Materials and Methods

Data
Cone production of longleaf pine has been observed by scientists at the Southern Research Station of the USDA Forest Service using binoculars each spring at numerous sites across its native range since 1958. In low-density stands (basal area < 9.2 m 2 ha -1 ) at each site, data were collected by counting the number of green cones in the crowns of 10 mature longleaf pine trees, as part of a long-term monitoring study. The mean number of green cones on all sampled trees was used to represent the average cone production for each site. Detailed information can be found in Brockway (2015) . Seven of these sites, having the longest data records, were selected for our analysis. These sites included the (1) Escambia Experimental Forest in southern Alabama, (2) Red Hills of northern Florida, (3) Blackwater River State Forest in the western panhandle of Florida, (4) Jones Ecological Research Center in southwestern Georgia, (5) Sandhills State Forest in northeastern South Carolina, (6) Kisatchie National Forest in central Louisiana, and (7) Eglin Air Force Base in the Florida panhandle.
Methods
Two types of power laws were tested in this study.
(i) Power law of frequency Cone production numbers were sorted based on increments of 20 cones. For example, a production level of 120 cones had the following length categories associated with it: 20, 40, 60, …. 120). The number of cones produced within each category was counted. For each research site, the cumulative percentage of probability for the number of cones within each category was then calculated (White, Enquist, & Green, 2008) . Finally, a figure with the logarithm of cone production (m) and the logarithm of the cumulative probability (P) was produced. To     be consistent with the literature on the estimation of allometric relationships (e.g., Chen & Li, 2003) , a reduced major axis (RMA) of regression analysis Model Type II was used to determine scaling exponents (αRMA) for different sites.
with a as the coefficient and b as the exponent of the scaling relationship between frequency (P) and the category (m). After logarithm, log (P) = log(a) + blog(m), here log = log 10.
At each research site, the dynamics of the scaling relationship were studied through time.
(ii) Power law between average and variance Taylor (1961) and colleagues observed that, in many species, the logarithm of the variance of the density (individuals per area or volume) of populations was approximately a linear function of the logarithm of the mean density. This relationship has been known as Taylor"s Law. Taylor"s Law is one of the most widely verified empirical relationships in ecology. It was verified in hundreds of species including trees (Cohen, Xu, & Schuster, 2012; 2013) . For our study, Taylor"s Law can be expressed in the following way for this study:
, with V as the variance of cone production, M the average of cone production.
With the time increase of 1, 2 …. to n years from the early time, the scaling exponents between the variance and average of cone production were estimated.
Results
Through 2014, temporal distribution in the magnitude of cone production for longleaf pine at different locations within its range followed power law relationships significantly (Table 1, Figure 1 ). Overall, scaling exponents ranged from 0.14 to 0.62 with 0.14 ~ 0.17 at the Blackwater, Jones Center and Eglin sites, 0.23 ~ 0.33 at the Escambia, Sandhills and Kisatchie sites and about 0.62 at the Red Hills site. (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) 41 (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) Dynamics of scaling exponents were present at each site (Figure 2 ). Scaling exponents were typically higher in the beginning and become lower through time. Sudden changes (or breaks) in scaling exponents generally corresponded to the higher or lower output years for cone production in longleaf pine. There was no general trend in the dynamics of scaling exponents among all sites (Figure 2) . Figure 2 . Dynamics of scaling exponents in power laws of frequency for cone production in longleaf pine forests of the southeastern United States
Taylor"s Law relationships were also evident, between the average and variance of cone production through time, for longleaf pine stands at different locations across the native range, except for the Red Hills site in Florida (Figure 3 ). Scaling exponents concentrated within 2.3~2.8 at four sites (Escambia, Blackwater, Jones Center, and Eglin), but were 4.2569 at the Sandhills site, -0.4616 for the Red Hills site and 3.5874 at the Kisatchie site. All scaling exponents were beyond the extent of [1, 2].
Figure 3. Taylor"s Laws for cone production in longleaf pine forests of the southeastern United States
Discussion
The power law of frequency distribution is typically displayed as simple histograms of the quantity of interest. There is substantial interest in the exponents of power-law distributions to infer about the functions underlying the distributions, to test mechanistic models, and to estimate and predict patterns and processes from which the observed data are derived (Kerkhoff & Enquist, 2007) . Usually the exponents are within the extent of [1, 3] . When the exponent approaches 1, it is considered to represent stochastic processes (Zillio & Condit, 2007) . In this study, the three groups of exponents may represent different cone production behaviors. The scaling exponents, decreasing from high to low values at the Red Hills site, were quite different than at other locations, which might mean a different pattern of self-organized cone production. Power laws are thought to characterize information in a system from disorder to order (Cao et al., 2016) . Similar power laws for the frequency of cone production among spatially separated sites may propose that intrinsic biological traits (e.g., hormones or other chemical growth regulators) may be responsible for the growth patterns (Suzuki & Suzuki, 2009) . Our study on the complexity of cone production indicated that cone production at these sites shares some common features across scales (Chen et al., 2016a, b) . Power laws of frequency can also be used to make predictions for new observations of cone production.
Temporal dynamics for scaling exponents in the power law of frequency indicate that there is no scaling invariance in the frequency of cone production at different sites across the native range. There is no general trend shared by all scaling exponents. Scaling exponents are neither 3/4 nor 1/3, but rather range from 0.2 to 1.6. Through time, scaling breaks often occur in cone production at each site. These breaks may support the existence of discontinuities in ecological processes (Holling, 1992; Allen, Forys, & Holling, 1999) . The timing of these scaling breaks generally corresponds to years with higher cone production (e.g., masting). Comparing the scaling regimes through time at different sites can show the dynamics of scaling exponents and clarify issues related to scaling exponents from a single point in time. The scaling exponent may also indicate that the complexity of cone production may be a tradeoff between intrinsic biological factors and external environmental factors (Chen et al., 2016a, b) . Mechanisms for the fluctuation of scaling exponents are not clear. Simini, Anfodillo, Carrer, Banavar, & Maritan (2010) suggested that power law behavior depends on resources availability. However, it is not clear here which resource factors (e.g., temperature, water, and nutrients) can affect scaling behavior for longleaf pine, because of limited information about numerous environmental variables.
Taylor"s Law applies to longleaf pine, emphasizing the relationship between the average and variance of cone production through time, although the scaling exponents vary with location. Usually, the mean and variance increase together. The scaling exponent is higher than 0 and, in many cases, it is within [1, 2] (Marquet et al., 2005) . The higher exponent reflects greater heterogeneity from a pure random distribution. When the exponent is higher than 2, it may propose deterministic and exponential growth (Ballantyne, 2005; Cohen et al., 2013 ). An earlier study about individual trees also found that the scaling exponent did not fall within the proposed range (Cohen et al., 2012) . Differences in the scaling exponents may reflect the ability of differing life habits (e.g., parasitism or epidemic infection) to alter power laws (Lagrue, Poulin, & Cohen, 2015; Morand & Krasnov, 2008) . Arruda-Neto et al. (2012) indicated that the scaling exponent (1< exponent <2) is intimately associated with long-range interactions among all the elements of a given system, plus negative interactions among them within a community. The higher scaling exponents at the Sandhills, Red Hills and Kisatchie sites may reflect the effects from interactions within a local ecosystem.
Power law relationships are observed in cone production for longleaf pine at different sites across the southeastern United States. This suggests that cone production is a self-organized and self-similar process, because the power laws are often associated with complexity arising from critical phenomena in a self-organizing system (Milne, 1998) . However, these power laws have dynamics in scaling exponents, such as breaks in scaling exponents, associated with increases in cone production. These results provide new insight about cone production in longleaf pine forests. The scaling relationships better inform our understanding of the resilience and change that is characteristic of these ecological systems (Kerkhoff & Enquist, 2007) .
Unfortunately, we were not able to address the resilience issue, because ecosystem level data (e.g., water availability, soil nutrients, and fire history) were lacking for these longleaf pine study sites. Our results may generate additional questions, such as which factors determine the speed and variance direction of power laws for cone production in longleaf pine? Given the complexity in cone production at regional and local levels and through time (Chen et al., 2016a, b) , further studies of power laws could indeed provide additional insights about cone production for sustainable management of longleaf pine forests. Future studies are needed, which integrate longleaf pine cone production with numerous environmental variables, as well as assess emergent behaviors in cone production, such as those indicated by regime shifts across sites and time scales.
